Abstract: 24
Layering has been a long-appreciated feature of higher order mammalian brain structures but the 25 extent to which it plays an instructive role in synaptic specification remains unknown. Here we 26 examine the formation of synaptic circuitry under cellular heterotopia in hippocampal CA1, using 27 a mouse model of the human neurodevelopmental disorder Type I Lissencephaly. We identify 28 calbindin-expressing principal cells which are mispositioned under cellular heterotopia. Ectopic 29 calbindin-expressing principal cells develop relatively normal morphological features and stunted 30 intrinsic physiological features. Regarding network development, a connectivity preference for 31 cholecystokinin-expressing interneurons to target calbindin expressing principal cells is 32 diminished. Moreover, in vitro gamma oscillatory activity is less synchronous across heterotopic 33 bands and mutants are less responsive to pharmacological antagonism of cholecystokinin-34 containing interneurons. This study will aid not only in our understanding of how cellular networks 35 form but highlight vulnerable cellular circuit motifs that might be generalized across disease states. 36 37 gene (PAFAH1B1), which encodes an enzyme essential for nuclear kinesis and microtubule 48 stabilization [4, 5, 6, 7] . Unsurprisingly, mutations to other parts of this migratory pathway also 49 result in lissencephalies and recently infections during embryonic development have received 50 renewed attention for their role in microcephalies, such as mosquito transmitted ZIKA virus (for 51 example DCX, 14-3-3 epsilon, RELN, ARX) [3, 8] . These disorders also produce intra-structure 52 cellular heterotopias which are characterized by mispositioned cell somas and disorganized 53 cellular layering. Clearly, mis-lamination is a shared feature of several human neurodevelopmental 54 disorders that merits deeper investigation. 55
Although rodent brains lack gyri, mice heterozygous for the human mutant Lis1 allele 56 display severe cellular heterotopias in both cortex and hippocampus, developmental defects, 57 hydrocephaly, and enlarged ventricles. These mice also have increased network excitability, 58 lowered seizure threshold, and increased spontaneous mortality rate -features shared with the 59 human condition [9, 10] . In the hippocampus of Lis1 mutants the PCL is often fragmented 60 lengthwise, resulting in multiple PCLs on the deep-superficial axis of the structure, with inter-PCL 61 spaces between. In these mutants, the PCL splits into two distinct bands of excitatory principal 62 cells, a deep and superficial cell layer, although this splitting can be variable and often scattered 63 in appearance. 64
In light of recent studies suggesting specified microcircuitry among deep versus superficial 65 principal cells and local basket cells in wild type CA1, we wondered if the two heterotopic cell 66 layers observed in Lis1 mutants reflected a functional distinction between discrete microcircuitry 67 of the PCL [11, 12, 13, 14] . Recent evidence suggesting a preferential connectivity between 68 principal cells and either parvalbumin (PV) or cholecystokinin (CCK) expressing interneurons, 69 depending on the extrahippocampal projection target, somatic position of the principal cell, or 70 marker expression of the principal cell, suggests an underlying blueprint in the establishment of 71 hippocampal circuitry and connectivity that has been previously underappreciated in what 72 otherwise appears as a monolithic excitatory lamina, the principal cell layer (PCL) [15, 16, 11, 12, 73 13, 14, 17, 18] . To what extent are innate wiring motifs disrupted under heterotopia? 74
Remarkably, in subjects suffering from cellular heterotopias that survive into adulthood 75 cellular networks function surprisingly well and animals are often behaviorally indistinguishable 76 from normal type littermates [19, 20, 21] . In the more thoroughly studied Reeler mouse model, 77 that displays severe cortical and hippocampal mis-lamination, cells in cortex appear to be relatively 78 healthy and are integrated into the local network [22, 23, 24, 25, 20] . Collectively the evidence 79 suggests that the formation of functional synaptic connectivity has some innate resilience to mis-80 lamination and layers may play little to no role in the guidance and establishment of synaptic 81 connectivity [26, 27, 24, 21] . Furthermore, if there was logic behind the dividing of these 82 heterotopic cell populations in the Lis1 +/mouse it would represent an ideal model to assay the 83 resilience of genetic network formation blueprints to the developmental/local-environment cues of 84 intra-structure position and layering [28, 29, 30] . This might permit us to determine over what 85 relative distances genetic wiring programs are able to locate and synapse on the appropriate 86 postsynaptic targets and shed light on what appears to be intertwined parallel circuitry for 87 information processing in CA1, or identify synaptic connectivity motifs that are more susceptible 88 to heterotopia than others [31, 17] . Ultimately these studies provide key insight into what exactly 89 is the role of layers in higher mammalian brain structures and highlight the proper areas of study 90 for future treatment of cellular heterotopias. 91 92 93 94 95 96 97 frozen microtome and stained for calbindin protein (described below). Coronal hippocampal 121 sections were confocally imaged under 20x magnification on a Zeiss confocal microscope, tiled, 122 stitched in the Zen Black software package and post-hoc analyzed for colocalization of calbindin 123 staining and eGFP expression using the Imaris analysis package (Imaris 9.3.1, Bitplane). 124
Immunohistochemistry: 125
Standard staining procedures were used for most of the experiments and have been described 126 previously [32] but briefly, deeply anesthetized mice were transcardially perfused with 50 mL of 127 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.6). Brains were post-fixed overnight 128 at 4°C, then cryopreserved in 30% sucrose solution. Coronal sections were cut (50 µm) on a frozen 129 microtome. Prior to staining sections are washed in phosphate buffered saline (PBS), blocked and 130 permeabilized with 0.5% triton X-100, 10 % goat serum in PBS for two hours at room temperature 131 while shaking. Primary antibodies are applied overnight at 4°C shaking at the appropriate dilution 132 with PBS containing 1% goat serum and 0.5% triton X-100. The following day sections are 133 washed, and a secondary antibody is applied for one hour at room temperature while shaking at a 134 dilution of 1:1000. For most experiments, a final DAPI staining was also used to show lamina of 135 the hippocampus. Sections are then mounted and cover slipped with Mowiol. Primary antibodies: 136 Calbindin (Millipore polyclonal rabbit, stock no. AB1778, 1:1000; or Swant monoclonal mouse 137 1:1000, stock no. 300); CCK (Frontier Institutes rabbit, stock no. CCK-pro-Rb-Af350, 1:1000). 138
For quantification of inhibitory puncta the procedure was similar with a few adjustments. Coronal 139 sections (50 µm) of dorsal hippocampus were cut, blocked with 10% donkey serum in 0.5% Triton 140 X at room temperature for 2-4 hours. Primary antibodies were applied in phosphate buffered saline 141 with 1% donkey serum and 0.05% triton X-100 at 4°C for 48 hours. Secondary antibodies were 142 left at room temperature for 1-2 hours, before washing and mounting. Primary antibodies: 143
Gephyrin-mouse (Synaptic Systems, CAT no. 147021, 1:1000), Wolfram syndrome 1 (Wfs1)-144 rabbit (Protein Tech, CAT no. 1558-1-AP, 1:5000), cannabinoid1-receptor (CB1-R)-guinea pig 145 (Frontier Institutes, CAT no. CB1-GF-Af530, 1:5000), parvalbumin (PV)-goat (Swant, CAT no. 146 PVG 214, 1:5000). Calbindin was visualized by using pups from crosses between Lis1 mutants 147 and Calbindin-cre:Ai14. Anti-donkey secondaries: Jackson Immuno Reseach laboratories Inc., AF 148 405 mouse (715-476-150), AF 488 rabbit (711-545-152), and AF 633 (706-605-148) guinea pig 149 or goat (705-605-147) for visualization of CB1-R-and PV-positive baskets respectively (all 150 1:500). Images were captured on a Zeiss 880 confocal under 63x magnification using Zen Airyscan 151 image processing. Between 25-30 Z-axis images were collected at Z-steps of 0.159 µm. Analysis 152 was performed on a Max-IP from the first seven of these steps, accounting for 1.1 µm of tissue 153 thereby minimizing Z-axis problems. 154
Images were quantified in Imaris 9.3.1 software. Twelve principal cells were selected using the 155 Wfs1 staining -half of which were calbindin positive, and cell somas were traced. Gephyrin 156 puncta (with an approximated size of ~0.25 µm) were automatically detected in the image and 157 excluded if not within 1 µm of a cell soma. In parallel, inhibitory boutons were automatically 158 detected from a pre-synaptic basket cell marker (parvalbumin in one set of experiments, CB1-R in 159 the other). Inhibitory puncta were filtered for proximity to the post-synaptic gephyrin puncta (1 160 µm or less), and further filtered by proximity to a principal cell soma (0.2 µm or less). Remaining 161 inhibitory puncta were counted on the somas of six calbindin positive, and six calbindin negative 162 principal cells. Dividing puncta counts on calbindin cells by those on calbindin-negative cells 163 yielded synaptic innervation bias measurements such that counts from 12 cells are used to generate 164 a single data point. -A value less than one signifies an avoidance of calbindin positive targets and 165 numbers greater than one signifies a preference for calbindin positive targets. 166
Principal cell reconstructions: 167
Slices with biocytin filled cells were fixed (4% PFA and stored at 4°C) and processed for 168 visualization using avidin conjugated dye. Slices were resectioned (50-100 µm) and DAPI stained 169 so cells could be visualized, and their somatic depth could be assessed within the larger 170 hippocampal structure. After staining, slices were imaged, and files were imported to Neurolucida 171 (MBF Bioscience) cell tracing software. Once traced, data sheets were exported for apical dendrite 172 shapes and connectivity profiles for each cell and processed in a custom python script to generate 173 the LRI and ORI measurements later used for morphological clustering. 174
Slice preparation: 175
Young adult mice (P20-40) were anesthetized with isoflurane before decapitation. Brains were 176 immediately dissected in dishes of ice-cold dissection ACSF (in mM): 1 CaCl2, 5 MgCl2, 10 177 glucose, 1.25 NaH2PO4 * H20, 24 NaHCO3, 3.5 KCl, 130 NaCl. ACSF was oxygenated thoroughly 178 for 20mins by bubbling vigorously with 95% O2 and 5% CO2 beforehand. For measurement of 179 cell intrinsic properties whole-cell recordings, mono-synaptic inhibition, and disynaptic inhibition 180 experiments coronal slices were cut (350 µm) using a VT 1200S vibratome from Leica 181
Microsystems. Slices were allowed to recover in an incubation chamber at 35°C in the same 182 solution for 30 minutes. For oscillation experiments, the same extracellular slicing and recording 183 solutions were used, and pipettes contained extracellular solution. Slices were cut horizontally 184 (450 µm) from more ventral hippocampus, as oscillations were often extremely weak or all 185 together lacking from coronal sections. We verified that similar migratory problems with the late-186 born calbindin population occurred in ventral hippocampus ( Figure 7B ). Oscillation experiment 187 slices recovered for 15minutes at 35°C before being transferred to a custom interface incubation 188 chamber. 189
Whole-cell physiology: 190
For electrophysiological recordings slices were transferred to an upright Olympus microscope 191 (BX51WI) with a heated chamber (32°C, Warner Inst.) and custom pressurized perfusion system 192 (~2.5 mL/min). Recording ACSF contained the following (in mM): 2.5 CaCl2, 1.5 MgCl2, 10 193 glucose, 1.25 NaH2PO4 * H20, 24 NaHCO3, 3. Non-conditional heterozygous Lis1 +/mice were generated by breeding a Lis1 +/ fl+ line to 250 Sox2-cre animals. Lis mutants were often noticeably smaller than litter mates. Some animals 251 displayed severe macroscopic brain abnormalities, including enlarged ventricles, hydrocephaly, 252 intracranial bleeding, and spontaneous death. Lis1 +/mutant mice that survived to 3-5 weeks of age 253 were used for experiments and subsequent breeding. In coronal sections from dorsal hippocampus 254 Lis1 mutants displayed heterotopic banding of the principal cell layer ( Figure 1A ). Banding varied 255 in severity, cell soma density, and septal-temporal extent. Most animals displayed the strongest 256 banding in area CA1, with fewer mice showing multiple PCLs past region CA2. Region CA3 257 rarely appeared banded, but instead scattered and uncompacted. Mice occasionally had three 258 distinct layers or clustered islands of cells, but most typically two prominent PCLs could be seen 259 ( Figure 1A , right vs left). Deeper bands were typically situated in what would be s. oriens-alveus 260 in a non-mutant animal. In measuring from the border of the alveus and the cortex radially (toward 261 radiatum, known as the radial axis of CA1), the entirety of normal WT PCLs were located between 262 ~175 -300 µm. In Lis1 heterozygous mutants, superficial bands were positioned between ~ 250 263 -320 µm and deeper heterotopic bands (positioned closer to the alveus) were between ~ 100 -264 190 µm. Of the two bands, the superficial tended to be more densely populated and closer to the 265 normal positioning of the PCL in normal type mice (Figure 1 A and B ). We next considered 266 whether these heterotopic bands were splitting randomly, or if the banding represented distinct cell 267
populations. 268

Calbindin expressing principal cells preferentially position in the deeper heterotopic band of 269
CA1 in Lis1 mutants. 270
In order to better understand the banding process in heterozygous Lis1 mutants, 271 immunohistochemistry experiments were carried out for principal cell markers and quantified by 272 normalized expression levels in each heterotopic band (n antibody stained cells / n dapi cells in 273 same region of interest). In addition to marking a subpopulation of GABAergic cells, Calbindin is 274 expressed in superficial principal cells in several species [13] . Consistent with these reports, our 275 Lis1 normal type litter mates show calbindin-expression among superficial principal cells of CA1 276 ( Figure 1B, left) . These cells are tightly packed, forming one-three rows of somas on the s. 277 radiatum adjacent (superficial) side of the PCL. Conversely, calbindin staining in Lis1 +/mice 278 showed a strong bias for calbindin-expressing principal cells to occupy the deeper heterotopic 279 principal cell layer ( Figure 1B, right) . Figure 1D [33, 23, 13]. Our initial data suggests that the heterotopic banding in Lis1 +/mice may arise from 295 a migratory stalling event, where later born superficial-preferring cells were unable to overcome a 296 migratory burden and instead form a new deep heterotopic layer. In order to test this hypothesis 297 and ensure that a novel population of deeply positioned principal cells was not adopting calbindin 298 expression in Lis1 +/mice, cellular birth-dating experiments were performed. 299
In timed pregnancy experiments using Lis1 mutants crossed to Ngn2-cre:RCE mice, 300 tamoxifen administration induces cre-recombination and subsequent eGFP expression in newly 301 born neurons of developing mouse pups. Pregnant mothers were gavaged at various embryonic 302 time points spanning days E12-17. After pups were born, they were perfused and fixed at ~P30 for 303 calbindin staining, and subsequent quantification of the percentage of eGFP expressing neurons 304 from any time point that were co-stained for calbindin ( Figure 2A -C). Approximately 10% of cells 305 born on E12-E13 expressed calbindin at P30 ( Figure 2D ; Wt: 9 ± 3 %; Lis: 12 ± 3 %, n = 95 cells 306 and 168 labelled cells analyzed from 5 animals, respectively) in both Lis1 normal type littermates 307 and mutants. Cells born E14-E15 co-stained for calbindin 42 ± 9 % of the time for wild type and 308 52 ± 8 % (n = 221 and n = 128, from 10 animals) for Lis1 mutants and cells born E16-E17 co-309 stained for calbindin 54 ± 7 % of the time for wild type and 71 ± 9 % for Lis1 mutants (n = 48 and 310 20 RCE labelled cells from 11 animals). While the timing of calbindin cell birthdates remained 311 similar to littermate controls in Lis1 +/animals in that calbindin cells arise late in embryonic 312 development ( Figure 2D ), positioning of these cells differed substantially. Later born cells 313 positioned more superficially in normal type littermates (smaller PCL depth measurements), while 314 they positioned more deeply in mutant mice ( Figure 2E and F, E represents counts from single 315 experiments data are averages and summarized in F). These results suggest that deeply positioned 316 calbindin expressing cells in the Lis1 mutant are the same late-born cell population that are now 317 ectopically positioned in the deeper heterotopic band. 318
Calbindin-expressing principal cells retain a complex apical morphology 319
Previous studies have documented variation in CA1 principal cell morphology, particularly 320 in comparing basal and apical dendritic trees [35, 11, 36] . These morphological features can be 321 reliably used to differentiate excitatory neuron subtypes. In particular, calbindin-expressing 322 principal cells have more complex apical dendritic trees (more branching), than calbindin-negative 323 counterparts [36] . This has enabled offline characterization of excitatory cell group through K-324 means clustering of morphological features after cellular reconstructions. A prior study using this 325 approach suggested that clustering was greater than 90% accurate as verified by mRNA and in-326 situ hybridization approaches but comes with the drawback that every recording must be 327 histologically processed, virtually reconstructed, and analyzed [36] . Additionally, there is a 328 minimal threshold for the amount of dendritic tree that must be recovered and drawn for clustering 329 to be accurate. 330
In our 63 best recovered principal cells morphologies from physiological recording 331 experiments (n = 32 wild type, n = 31 Lis1 +/-) we implemented a k-means clustering algorithm 332 based on dendritic branch connectivity and lengths, as done previously [36] . The clustering results 333 from Lis1 mutant and normal type litter mate cellular morphologies are shown in Figure 3A and 334 B. The same process was applied to mutant and normal cells, but these groups were processed 335 independently by a supervised k-means algorithm that expected two groups, corresponding to 336 speaking, the complex and simple subtypes persist in the Lis1 mutant, there has been an effect of 361 the mutation, either direct or indirect, in stunting general morphological development. 362
Lis 1 mutants display disrupted physiological properties 363
From the whole-cell recordings that were used for morphological reconstructions in Figure  364 3 a battery of intrinsic physiological properties were analyzed in two ways. Several of these 365
properties are shown in Figure 4 . Each property was plotted against the PCL depth of the soma 366 (somatic depth from the radial side of the PCL) from which the recording was made ( Figure 4A ). 367
The same data were also sorted into putative calbindin-positive and calbindin-negative cell types 368 as predicted by either complex or simple morphologies ( Figure 3B & 4B ). Resting membrane 369 potential displayed a pearson r value of 0.44 for correlation with position in normal type litter 370 mates, and a r-value of 0.07 in Lis1 mutant mice (Wt: n = 23, Lis: n = 23). Sag index correlated 371 with position at an r-value of 0.5 in normal mice and an r-value of 0.05 in Lis mutants (Wt: n = 372 24, Lis: n = 26). Input resistance and depth in normal type mice had a correlation value of r = 0.2, 373 while in Lis mice r = -0.1 (Wt: n = 23, Lis: n = 26). 374
In sorting recorded data by putative cell type, we noted that many of the positional 375 differences observed in Figure 4A Figure 4C and D, resting membrane potential, sag index, input resistance, spike amplitude, 389 adaptation ratio, firing frequency at 2x threshold, spike threshold, and after hyperpolarization 390 amplitude were used for physiological clustering). We then scored where morphologically 391 identified cells fell in the physiological clusters. Out of eight morphologically complex cells, six 392 were found in physiological cluster 0 and the remaining two in physiological cluster 1. Of eleven 393 morphologically simple cells, eight were located in physiological cluster 1 and the remaining three 394 in cluster 0, suggesting that these physiological clusters roughly correspond to the two 395 morphological subtypes identified in Figure 3 for normal type littermates ( Figure 4C ). The same 396 analysis in Lis1 mutants yielded uneven cluster counts, and no clear relationship between 397 physiological cluster and morphological cluster ( Figure 4D ). 398 To begin to assay this network feature in our Lis1 mutants we first asked where these two 412 types of basket interneuron somas were positioning in mutant mice. Immunohistochemical staining 413 experiments were performed using antibodies against PV and CCK ( Figure 5A and B) . The soma 414 of stained interneuron classes are plotted in binned and normalized histograms in Figure 5B Figure 3F & 4A). As these interneurons often position on the edges of, 420 or outside of the PCL this measure is more appropriate when assessing the overall radial structure 421 of CA1. Our data indicate that both PV-and CCK-containing cell types have undergone superficial 422 radial shifts, that is, the cell bodies have moved towards the s. radiatum. Notably, this is opposite 423 the direction in which calbindin positive principal cells are shifted in Lis1 mutants (Figure 1 & 2) . 424
Overall PV-containing somatic shifts appear less severe than CCK-containing shifts, but in both 425 cases a few drastically shifted somas were observed (right tail of dashed histograms). 
PV-expressing basket cells preferentially innervated calbindin-negative principal cells in 442
both mutant and non-mutant mice ( Figure 5G ; PV-calbindin preferences: 0.74 ± 0.05, 0.63 ± 0.11 443 for normal type and mutant respectively, p = 0.55, each point represents 12 cells from a slice, n = 444 3 pair of littermates from 3 litters). In experiments where the PV channel stain was replaced with 445 a Cb1-R antibody, known to selectively stain presynaptic terminals of CCK-expressing basket 446 cells, we noted a preferential innervation of calbindin-expressing post-synaptic targets in normal 447 type that was absent from the Lis1 mutant mouse ( Figure 5H ; CB1-R-calbindin preferences: 1.32 448 ± 0.04, 1.02 ± 0.09 for normal type and mutant respectively, p = 0.02). Which suggested that at 449 least from an immunohistological level, CCK-expressing basket targeting onto ectopic calbindin 450 positive principal cells was disrupted. 451
Monosynaptic CCK-mediated inhibition onto calbindin-positive principal cells is disrupted 452 in CA1 of the Lis1 mutant. 453
In order to better understand the role of CCK-expressing inhibitory cell networks in the 454 face of pyramidal cell heterotopia and to further the observations shown in Figure 5 at a functional 455 level, whole-cell recordings were made from principal cells in CA1 in the presence of excitatory 456 synaptic transmission blockers (APV 50 uM and DNQX 10 uM). Monosynaptic inhibitory events 457 were evoked using a stimulation electrode placed locally in the PCL of CA1, and omega-conotoxin 458 (1 µM) was applied to selectively inhibit vesicle release from CCK-expressing interneurons 459 ( Figure 6) [37]. Example traces from four groups are shown in Figure 6C , from left to right, Wt 460 complex, Wt simple, Lis1 +/complex, Lis1 +/simple. Baseline events are in black, and post wash-461 in data are in gray. In littermate controls, conotoxin reduced monosynaptically evoked IPSCs to 462 52.5 ± 3.9 % of baseline amplitudes in complex cells, while events in simple cells were reduced 463 to 75.6 ± 8.3 % of baseline amplitudes, consistent with our observation that complex cells are 464 preferentially targeted by CCK-containing interneurons ( Figure 6D (left) , p = 0.03, n = 8 Wt and 465 8 Lis1 +/cells). In Lis1 mutant mice this differential CCK-containing inhibitory input was not 466 detected, as conotoxin reduced eIPSCs to 48.2 ± 16.4 % of baseline and 60.2 ± 7.8 %, for complex 467 and simple cell subtypes respectively ( Figure 6D (right) , p = 0.53 n = 13 and 5). 468
We next repeated this experiment using an antagonist known to inhibit release from 469 parvalbumin-expressing interneurons, omega-agatoxin IVA (250nM). Example traces for the four 470 subtypes before and after agatoxin application are shown in Figure 6E (wash-in data in gray). In 471 control mice, agatoxin reduced monosynaptically evoked eIPSCs to 42.01 ± 6.2 % of baseline in 472 complex cells, events in simple cells were reduced to 9.5 ± 0.7 % of baseline amplitudes, signifying 473 that events in simple cells were more dependent on PV-expressing basket cell input ( Figure 6F  474 (left), p = 0.003, n = 4 complex and 6 simple cells). In Lis1 mutant mice agatoxin reduced eIPSCs 475 to 48.9 ± 9.9 % of baseline and 14.2 ± 3 %, for complex and simple cell subtypes respectively 476 ( Figure 6F (right), n = 3 and 7, p = 0.06). 477
Having probed monosynaptic inhibitory circuitry onto putative calbindin-positive and -478 negative cells, we next examined feedforward disynaptic inhibition onto CA1 principal cells in 479 normal and Lis1 mutant mice. Superficial cells have been previously shown to exhibit a 480 comparatively higher level of excitatory drive during feedforward circuit activation (large EPSCs 481 per unit of IPSC, [14] ). Cells were voltage clamped at -70mV and +10mV to measure the Schaffer 482 collateral-mediated monosynaptic excitatory and disynaptic inhibitory drive ( Figure 6G ). 483
Excitatory transmission was subsequently blocked (APV 50 µM and DNQX 20 µM), to allow the 484 subsequent isolation of the disynaptic feedforward inhibitory drive from the total inhibitory 485 component. Inhibition:excitation (IE) ratios were positively correlated with somatic depth in the 486 PCL for normal-type littermates, but not Lis1 mutants ( Figure 6H ; Wt r = 0.4, Lis r = 0.05). When 487 recorded cells were sorted by complex and simple morphologies complex cells had lower IE ratios 488 in both normal and Lis 1 mutant mice ( Figure 6I , Wt complex 3.15 ± 0.39, simple 5.7 ± 0.95, p = 489 0.02 n = 23 complex and 23 simple; Lis1 complex 3.02 ± 0.49, simple 5.03 ± 0.76, p = 0.03 n = 490 21 complex and 17 simple cells). While their resulting ratios were predictive of sub-type, neither 491 EPSC or IPSCs alone were significantly associated with depth or cell subtype (data not shown). Slices from Lis1 mutants produced slightly higher frequency gamma oscillations than non-mutants 503 (Wt 24.9 ± 1.7 Hz, Lis1 +/-31 ± 1.1 Hz, p = 0.005 n = 20 and 14, respectively) ( Figure 7B-D) . 504 Subsequent addition of the synthetic CB1R agonist, WIN-55,212-2 (WIN) (2 uM), did not alter 505 the peak frequency of the oscillations in normal type nor mutant recordings ( Figure 7D ) but caused 506 a significant decrease in peak power in normal type recordings ( Figure 7E )., but not in Lis1 +/mice 507 suggesting that CCK-networks in mutants are less involved in gamma oscillation generation than 508 in normal-type littermates (Wt +WIN 0.93 ± 0.03 vs CCh alone p = 0.03, Lis1 +/-+WIN 1.02 ± 0.04 509 vs CCh alone p = 0.69; n = 20 and 14 non-mutant and mutant respectively). 510
In an additional series of experiments, a second electrode was placed in the same radial 511 axis as the first approximately 150 um deeper, so that in normal type slices one electrode targeted 512 the radiatum side of the PCL while the other targeted the oriens side ( Figure 8A ). In the Lis1 mouse 513 slices electrodes were placed in different heterotopic bands but still in the same radial axis. This 514 allowed for analysis of the correlation and synchronicity of oscillations across the normal and 515 heterotopic layers of CA1 (Figure 8 ). Examples of simultaneous one second recordings are shown 516 for the oriens (top) and radiatum (bottom) side electrodes in Figure 8B (Wt on left, Lis1 +/on right). 517
Dashed vertical lines show peak alignment for each example. Associated cross-correlation plots 518 between these electrodes are displayed in Figure 8C (Wt left, Lis1 right); note the +0.7 ms peak in 519 offset in the wild-type experiment, and -2.7 ms peak offset in the Lis1 example. Normal-type and 520
Lis1 mutant slices were capable of producing correlated oscillatory activity ( Figure 8D ; Wt 394.6 521 ± 80.0, Lis1 +/-394.2 ± 60.8, p = 0.99 n = 20 and 14). However, examining the time-shifts obtained 522 from cross correlation analysis (how far one signal is peak shifted from another in time) we noted 523 that Lis1 +/mice displayed significantly less temporally correlated oscillations between the two 524 electrodes ( Figure 8E ; Wt: +1.01 ± 0.8 ms, Lis1 +/-: -1.8 ± 0.79, p = 0.02 n = 20 and 14) suggesting 525 that while both heterotopic bands participate in the ongoing oscillation, their separation in 526 anatomical space or deficits in basket cell network connectivity erodes the correlated activity 527 between the bands. Application of the CB1R agonist WIN-55 produced modest decreases in non-528 mutant cross-correlation values but not in the Lis1 mutants (Wt: + WIN 333.9 ± 71.9, vs baseline 529 p = 0.04 n = 20; Lis1 +/-: + WIN 427.2 ± 84.13, vs baseline p = 0.43 n = 14) suggesting a diminished 530 role for CCK-containing interneuron networks in the Lis1 mouse. WIN 55 application did not have 531 a significant impact on the time-shift between deep and superficial channels in either genetic 532 background (Wt: + WIN 0.68 ± 0.52 ms, vs baseline p = 0.62, Lis1 +/-: + WIN -0.41 ± 1.23 ms, vs 533 baseline p = 0.21). 534 In the present work we first investigate the heterotopic banding observed in area CA1 of 544 the Lis1 mutant mouse in order to determine if there is a pattern to the splitting of these excitatory 545 cell populations. To this end we demonstrate that calbindin expressing principal cells are 546 preferentially affected by cellular heterotopia in CA1, where they are proportionately relegated to 547 the deeper cellular layer -opposite of their normal superficial positioning in the PCL (Figure 1) . 548
After confirming that these cells are the same embryonically derived population (Figure 2) , namely 549 late-born calbindin expressing, we asked to what degree their intrinsic development reflected the 550 differences between calbindin-positive and calbindin-negative PC subtypes in normal type 551 animals, and if relative differences between the two population were preserved (Figure 3 and 4) . 552
While there was an effect of stunted arborization in comparison to normal type calbindin cells, 553
Lis1 calbindin cells retained their complex morphology relative to with-in animal non-calbindin 554 expressing principal cells. Intrinsic physiological properties appear more disrupted in Lis1 555 calbindin expressing principal cells, however several properties showed greater differences or 556 trended toward significant differences when separated by putative calbindin expression, as 557 opposed to somatic positioning -suggesting again that subtype was a stronger influence than 558 layering in the determination of these properties. It is unclear if the intrinsic physiological 559 differences between calbindin positive PCs in normal and Lis1 mutants reflected other roles of the 560 Lis1 protein directly, compensatory changes of ectopic cells, or are the result of cellular 561 development in an ectopic position -though the first two seem more likely given findings from 562 other mis-lamination models [26, 19, 21] , though insufficient circuit integration and activity is 563 known to alter interneuron development in cortex [42] . 564
We next turned our attention to the integration of these ectopic calbindin expressing 565 principal cells into the CA1 basket cell network. Staining experiments suggest that CCK 566 expressing basket cell synapses were specifically altered to a greater extent than PV networks onto 567 calbindin principal cell targets ( Figure 5 ). This finding was confirmed by monosynaptic inhibition 568 experiments that showed reduced sensitivity of ectopic calbindin expressing principal cells to a 569 CCK cell antagonist, omega-conotoxin ( Figure 6, left) . Conversely, PV cell networks seemed 570 substantially more resilient, which is not so surprising given that these cells occupy deeper 571 positions within CA1, and their preferred synaptic targets are not substantially mispositioned under 572 the cellular heterotopia present in Lis1 ( Figure 5A and B) [11] . 573
Disynaptic inhibition experiments support the notion of PV networks being more robust 574 under cellular heterotopia (Fig 6, right) . Feed-forward inhibition is much stronger onto PV baskets 575 than their CCK expressing counterparts, making this largely a test of PV network connectivity 576
[43]. Additionally, depolarization to +10 mV (as done in the experiment) drives depolarization-577 induced suppression of inhibition in CCK-basket cells, largely removing them from this assay [44, 578 45, 46] . In sorting these experiments by principal cell sub-type, we observed that ectopic calbindin 579 expressing principal cells retained their relatively high excitability (low I/E ratios), suggesting that 580 parvalbumin cells did not start to inappropriately target deeply positioned, ectopic calbindin PCs. 581
Groups working in a related model of cellular heterotopia, the Reeler mouse which has 582 severely disorganized cortical and hippocampal principal cell layering, previously reported that 583 excitatory and inhibitory cells are produced in approximately the correct proportions, that ectopic 584 cells retain expression of their correct markers, morphology of cell types is generally conserved, 585
and their intrinsic physiological properties are largely unperturbed on a network level [22, 23, 47, 586 21]. Despite differing genetic causes, the present study supports these findings that brain 587 development is surprisingly robust despite mis-lamination. An interesting caveat, however, is that 588 in the present work, and studies of other cellular heterotopias, morphological development and 589 orientation of principal cell dendrites appear stunted and meandering (Figure 3) [27, 34] . In the 590 Reeler mouse synaptic network development was also remarkably intact, as thalamocortical and 591 intracortical connectivity, cellular tuning properties to stimuli, and even animal behavior seem 592 only minorly altered if at all [26, 19, 20, 21] . From a broad perspective, this is in agreement with 593 the present work in the Lis1 hippocampus, as feed-forward properties onto PC subtypes retain their 594 relative excitabilities, and Lis1 slices retain their ability to generate gamma oscillations (Figure 7) . 595 Interestingly, we observed higher peak oscillation frequency in Lis1 mutant experiments 596 than normal type ( Figure 7D ). One possible interpretation of this result is that CCK-expressing 597 interneuron networks tends to prefer lower frequency gamma, and when disrupted in Lis1 mutants 598 networks become more dependent on alternative faster oscillation mechanisms such as greater 599 reliance on parvalbumin cell networks. These results may reflect biological differences in 600 hyperexcitability that predispose these mice and human patients to seizures. In the power domain, 601 measurements are sensitive to differences in electrode placement between experiments, as this 602 cannot be ruled out particularly as the cell layer positioning is unruly in Lis1 +/mice, power data 603 from these recordings was normalized and only compared within experiment to wash-in values 604 ( Figure 7E ). Non-mutant slices showed power decreases in the presence of the cannabinoid 605 receptor agonist WIN-55, while Lis1 mutant slices were non-responsive to this compound. These 606 data add to our immunohistochemistry and monosynaptic physiology experiments in suggesting 607 deficits in the CCK-basket cell networks of CA1 under heterotopia as Lis1 slices are largely not 608 affected by WIN-55 application. 609
Comparing recordings from two electrodes in Figure 8 revealed that cross correlation 610 values were relatively similar between normal type and mutant mice, but time-shifts or 611 synchronicity between channels were significantly different ( Figure 8E ). It seems likely that timing 612 differences in gamma-oscillations arise from the physical separation of current sinks and sources 613 under Lis1 +/heterotopia, and not as a result of the CCK-innervation deficit described above, as 614 these measures were largely unchanged by WIN-55 application in normal-type mice, however that 615 possibility cannot be ruled out [48, 49] . It is worth noting that the time-shifts under baseline 616 conditions in the mutants are opposite in direction than that of non-mutants. In that respect, they 617 roughly mirror the physical inversion of PCL lamina under Lis1 +/cellular heterotopia. 618
Collectively, these findings bolster the notion that layers are in large part an 619 epiphenomenon of neurogenesis, as has been hypothesized previously. Importantly, layer 620 terminology has a correlated genetic component in normal type mice as it is likely to capture a 621 related embryonic pool of neurons. Therefore, when traditional studies refer to cellular layer, they 622 are using it as a proxy for cellular genetic subtype, which is no longer the case in heterotopias [26, 623 27, 24] . In agreement with this line of reasoning, decades of work on synapse development are 624 increasingly bolstering the "hand-shake hypothesis" -where in molecular cues present on the 625 surface of both putative synaptic partners confirm or reject synapse formation to aid in the 626 establishment of appropriate and canonical circuitry over several scales of axon pathfinding [50, 627 51, 28, 29]. The degree to which these genetic network wiring mechanisms are modified in 628 activity-dependent fashion afterword remains an area of active study [42, 52, 30] . Importantly, the 629 present study does identify a crucial network motif, CCK targeting of calbindin positive principal 630 cells, that is disrupted in ectopic calbindin PCs in the Lis1 +/mouse. Further work will be needed 631 to determine if this is a genetically specified connection preference for calbindin expressing 632 Wt Lis p = 0.09 p = 0.96 p = 0.25 p = 0.09 p = 0.08 p = 0.29 littermates. (G) PV puncta bias summary. PV puncta had a modest preference for non-calbindin 983 expressing principal cells in both non-mutant and mutant slices. PV-calbindin preference: 0.74 ± 984 0.05 and 0.63 ± 0.11 innervation biases for normal type and mutants respectively, p = 0.55, each 985 point represents 12 cells from a slice, n = 3 pairs of littermates from 3 litters. (H) Same as in (E), 986 but for experiments where the PV antibody was replaced by the CB1-R antibody. Non-mutant 987 CCK baskets displayed a preference for calbindin-expressing principal cells that was lost in Lis1 +/-988 mice. CB1-R-calbindin preference: 1.32 ± 0.04, 1.02 ± 0.09 for normal type and mutant 989 respectively, p = 0.02. Scale bars for C-F are 2 µm. 
